Abstract
INTRODUCTION
Hepatitis C virus (HCV) is the major causative agent of posttransfusion and community-acquired hepatitis. HCV has been classified in the Hepacivirus genus within the Flaviviridae family that includes flaviviruses, such as yellow fever and dengue viruses, and animal pestiviruses, such as bovine viral diarrhea virus (BVDV). Infection with HCV usually leads to chronic hepatitis. Although the mechanism for virus persistence is poorly understood, the high mutation rate of viral envelope proteins [1, 2] and the suppression of the host immune system [3] [4] [5] are believed to contribute to the chronic infection. Analysis of peripheral blood mononuclear cells and liver biopsies from chronic patients suggested that HCV infection could induce apoptosis, which may help the virus escape the immune surveillance and causes liver injuries [6] [7] [8] [9] [10] [11] . In vitro studies with either HCV full length RNA [12] or cDNA [13] have demonstrated that apoptosis could be induced by viral proteins. Several independent studies suggested that the viral core protein could induce apoptosis in cultured mammalian cell lines [14, 15] , while others using similar systems obtained different results [16] [17] [18] . Therefore, the viral molecule (s) responsible for the induction of apoptosis has not been clearly identified.
Some members in the Flaviviridae family, e.g. dengue and Langat viruses, could induce apoptosis during infection [19] [20] [21] [22] . Duarte dos Santos et al. showed that determinants in the envelope protein of dengue type 1 virus could influence the induction of apoptosis [21] . Prikhod'ko et al. demonstrated that apoptosis could be induced by Langat flavivirus infection. Moreover, expression of the viral envelope protein alone was sufficient to induce apoptosis in cultured mammalian cells [22] . Since HCV envelope protein 2 (E2) displays a similar genetic organization as the envelope proteins of these viruses [23] , it is possible that E2 may also induce apoptosis. It has been reported that a carboxyterminal truncated E2 (E2-661) without the transmembrane domain is properly folded in cultured mammalian cells [24, 25] and has since been used in HCV studies, such as E2-CD81 binding analysis [26] and post-translational processing of E2 [27] . In this study, we observed reduced cell proliferations of several cultured mammalian cell lines transiently expressing E2-661. These cells showed the typical features of apoptosis, including cell shrinkage, chromatin condensation and hypodiploid genomic DNA content. Similar apoptotic cell death was observed in an E2-661 stably expressing cell line. This is the first report that HCV E2 can induce apoptosis in cultured mammalian cells.
MATERIALS AND METHODS
Plasmid pSecTagB/sE2 and pSecTagB/sS1E2 containing the insert of E2-661 (aa384-661 of the HCV polyprotein) coding sequence downstream to a signal sequence of Igκ and under the control of the CMV promoter ( Figure 1A ) were used in the study. To construct pSecTagB/sE2, E2-661 was PCR-amplified from pUC18/E (a gift from Dr. Wang et al. [28] , Beijing University, GenBank accession# D10934) with primers 5'-GGCGTTAAGCTTAA CACCTACG TG-3' (HindIII site underlined) and 5'-CAG GAATTCTCACTCTGATCTATC-3' (EcoRI site underlined). The PCR product was digested with HindIII/EcoRI and cloned in the pSecTagB (Invitrogen). pSecTagB/sS1E2 was constructed by the insertion of a short tag derived from hepatits B virus (HBV) preS1 polypeptide (aa21-47) upstream to the E2-661 coding sequence in pSecTagB/sE2. These constructs were verified by sequencing.
Cell culture
Human liver carcinoma Huh7 and hepatoma HepG2, human cervical carcinoma HeLa and baby hamster kidney BHK-21 cell lines were grown in DMEM supplemented with 100 mL/L fetal calf serum (FCS). Chinese hamster ovary (CHO) cells were grown in DMEM/ F12 (1:1) supplemented with 100 mL/L FCS. The stable E2-661 expressing cell line, CHO/sS1E2 was constructed by transfection of CHO cells with pSecTagB/sS1E2 and selection in DMEM/F12 (1:1) medium containing 400 µg/mL Zeocin (Invitrogen) [24] .
Transient expression
Expression plasmids or empty vectors were introduced into cells grown to 60% confluence with LipofectAMINE (Gibco). Transfection efficiency was monitored by co-transfection of pEGFP-C2 (Clontech) which encodes an enhanced green fluorescent protein. Two days after transfection, cells were subjected to Western blot, cell proliferation and apoptosis analysis.
Western blot analysis
Proteins were resolved on 100 g/L SDS-polyacrylamide gels and electroblotted onto nitrocellulose membranes. Membranes were blocked with 50 mL/L skimmed milk in PBS, followed by incubation with rabbit polyclonal anti-E2 antibody RE2116 [29] . The blots were then incubated with horseradish peroxidase conjugated anti-rabbit IgG (Dako) and developed with SuperSignal West Pico stable peroxide solution (Pierce).
Immunofluorescence analysis CHO and CHO/sS1E2 cells were fixed in ice-cold CMA solution (chloroform: methanol: acetone=1:2:1), incubated with antipreS1 monoclonal antibody 125E11 [30] 1 000-fold diluted in 10 g/L BSA (prepared in PBS) and followed by incubation with FITC conjugated anti-mouse IgG (Santa Cruz). Fluorescence was viewed under a fluorescence microscope.
Deglycosylation analysis
CHO and CHO/sS1E2 cells were washed twice with PBS and then harvested. Cells were lysed by boiling in the denaturing buffer provided by the manufacturer. Cell lysates were then digested with PNGase F or Endo H (NEB) for 2 h at 37 . To analyze the secreted expression products, CHO and CHO/sS1E2 cells were grown in serum free OptiMEM/F12 (1:1) for 12 h. Medium was clarified by centrifugation at 20 000 g for 30 min at 4 . Expression products were precipitated by an equal volume of ice-cold ethanol, resuspended in a small volume of PBS and subjected to Western blot analysis.
Cell proliferation analysis
Cell proliferation was measured by 3 H thymidine uptake according to a standard protocol [31] . Cells were incubated with 0.05 µCi 3 H thymidine (Amersham Pharmacia) for 4 h in complete medium with 100 mL/L FCS. Cells were then washed once with PBS and 100 mL/L trichloroacetic acid (TCA) followed by incubation in 100 mL/L TCA for 10 min at 37 . After TCA was removed from the culture dishes, cells were lysed in the lysis buffer containing 0.33 mol/L NaOH and 10 g/L SDS. 3 H thymidine incorporation in the cell lysates was measured by liquid scintillation counting.
Apoptosis analysis
Apoptosis in stable and transient E2 expressing cells was analyzed by three methods: (1) Hoechst 33258 staining: Cells were seeded on sterile cover glasses placed in the 6-well plates the day before transfection. Two days after transfection, cells were fixed, washed twice with PBS and stained with Hoechst 33258 staining solution according to the manufacturer's instructions (Beyotime). Stained nuclei were observed under a fluorescence microscope. For the stable cell lines, similar staining procedures were performed without DNA transfection. (2) Flow cytometry: Cells were washed twice with PBS, trypsinized, and resuspended in complete medium with 100 mL/L FCS. Cells were then washed twice again with PBS and fixed with ice-cold 700 mL/L ethanol at 4 for 1 h. After the removal of ethanol, cells were incubated in PBS containing 250 µg/mL RNase A and 50 µg/mL propidium iodide (Sigma) at room templeture for 15 min, and stored in the dark at 4 until further analysis. Ten thousand cells per sample were analyzed with a FACSCalibur flow cytometer (Beckton-Dickinson). (3) DNA fragmentation: CHO and CHO/sS1E2 cells were washed twice with PBS and harvested. Cells were incubated in lysis buffer [10 mmol/L Tris, 1 mmol/L EDTA, 100 mmol/L NaCl, 5 g/L SDS, 1 µg/µL RNase A, pH8.0] at 37 for 30 min. At the end of incubation, proteinase K was added to a final concentration of 0.1mg/mL and the incubation was continued at 55 for 4 h. DNA was extracted with phenol/ chloroform and precipitated with ethanol. DNA pellets were dissolved in TE buffer and analyzed on a 20 g/L agarose gel.
Statistical analysis
Statistical analysis was performed with unpaired 2-sided Student t test. P<0.05 was regarded as statistically significant.
RESULTS

Transient expression of E2-661 in mammalian cells
DNA fragments encoding aa384-661 of the HCV polyprotein (E2-661) were cloned in the expression vector pSecTagB to generate pSecTagB/sE2 and pSecTagB/sS1E2 (Figure1A). Compared to pSecTagB/sE2, E2-661 expressed by pSecTagB/ sS1E2 had a small 27-aa preS1 tag located at the N-terminus to facilitate the characterization of the expression products. The above plasmids were used to transfect Huh7, HepG2, HeLa and BHK-21 cells. 
E2 expressing cells showed reduced cell proliferation
Cells transfected with pSecTagB/sE2 showed significant cell death upon microscope observation (Figure 2A density, cell rounding and cell shrinkage were the common features of all the cell lines transfected with pSecTagB/sE2. The effect of E2 expression on the cell proliferation was further analyzed by 3 H thymidine uptake assay ( Figure 2B ). Reductions in 3 H incorporation were observed with all the cell lines assayed (P<0.05 for HepG2, P<0.001 for Huh7, HeLa and BHK-21). Transfection efficiencies were monitored by cotransfection with pEGFP-C2. Since a similar amount of EGFP expressing cells were observed between pSecTagB and pSecTagB/sE2 transfected cells (data not shown), the reduced cell proliferation of E2 expressing cells was not due to the transfection procedure (e.g. transfection reagent and EGFP expression). Similar results were observed with the E2 expressing plasmid pSecTagB/sS1E2 (data not shown). These results suggested that the expression of E2 was responsible for the reduction in cell proliferation.
Apoptosis induced by transient expression of E2
The reduced proliferation might be due to various reasons. To determine if apoptosis contributed to the reduced cell proliferation of E2 expressing cells, cells transfected with pSecTagB/sE2 or pSecTagB were stained with Hoechst 33258, respectively ( Figure 3A) . Condensed bright apoptotic nuclei were readily observed amidst the pSecTagB/sE2 transfected cells. The presence of apoptotic cells in E2 expressing cells was further confirmed by flow cytometry. Huh7, HepG2, BHK-21, HeLa cells transfected with pSecTagB/sE2 or control pSecTagB were stained with PI and analyzed by flow cytometry ( Figure 3B ). Hypodiploid DNA appeared in the sub-G0/G1 region, which represented dead cells. A higher percentage of dead cells was observed in all the four cell lines transfected with pSecTagB/sE2.
Apoptosis in a CHO cell line stablely expressing E2
E2 induced apoptosis was also investigated in a CHO cell line CHO/sS1E2 stably expressing E2-661. This cell line showed the expression of E2-661 as detected by indirect fluorecence assay with the monoclonal antibody against the preS1 tag ( Figure 4A ). The fluorescence in CHO/sS1E2 cells suggested the localization of expressed proteins in the cytoplasm. In further characterization by Western blot analysis, cell-associated and secreted E2 proteins (from 10 5 and 10 7 cells) were detected with the E2 polyclonal antibody ( Figure 4B ). The cell-associated E2 protein was sensitive to Endo H (lane 4), suggesting that the glycans carried on it were ER-restricted. On the other hand, secreted E2 was resistant to Endo H (lane 12), suggesting that the glycans on this species of E2 underwent the modification by Golgi enzymes.
Similar to cells transiently transfected with pSecTagB/sE2, the morphology of CHO/sS1E2 was different from that of the original CHO cell line ( Figure 5A ). There were obvious differences in cell size and shape between these two cell lines. A significant number of dead cells were readily observed for CHO/sS1E2 and cells could hardly grow to 100% confluency. Similar morphology and growth curve were also observed in other CHO/sS1E2 clones (data not shown), suggesting that they are not the result of clonal selection. 3 H incorporation analysis showed that there was a significant reduction (72.0%, P<0.001) of cell proliferation for CHO/sS1E2 in comparison with CHO cells ( Figure 5B) .
Hoechst 33258 staining of CHO/sS1E2 showed condensed bright nuclei typical of apoptotic dead cells which reached about 14% of the total cells, while almost no apoptotic nuclei were observed in control CHO cells ( Figure 6A ). Flow cytometry analysis confirmed that there were a significant number of dead cells for CHO/sS1E2 ( Figure 6B ).
Since the cleavage of chromosomal DNA into fragments of oligonucleosomal size is a biochemical hallmark of apoptosis [32] , DNA fragmentation in CHO/sS1E2 was examined by DNA laddering assay. With the freshly seeded CHO/sS1E2 cells, no obvious DNA fragmentation was observed, while clear DNA laddering in -180 bp interval was detected 48 h after cell seeding. No apoptotic DNA fragmentation was observed in CHO cells at either time points ( Figure 6C ).
DISCUSSION
In this study, HCV E2 was transiently expressed in several mammalian cells. All tested cells showed shrinkage in morphology and reduced cell proliferation due to the expression of E2. Further evidences, such as condensed chromatin, demonstrated that apoptosis contributed, at least in part, to the cell death induced by E2. E2 induced apoptosis was also observed in a stable E2 expressing cell line CHO/sS1E2. Again there was a significant reduction in cell proliferation of CHO/ sS1E2 in comparison to CHO cells. Hoechst 33258 staining, flow cytometry analysis and DNA laddering assay demonstrated that apoptosis contributed to the reduced cell proliferation. Apoptosis in CHO/sS1E2 was not due to the expression of the small preS1 tag because toxicity was not observed when preS1 was transiently expressed in cultured mammalian cells [33] . In conclusion, our results demonstrate that the expression of HCV E2 could induce apoptosis in cultured mammalian cells.
It has been reported that apoptosis is involved in the pathogenesis of hepatitis C. Immunohistochemical study suggested that the Fas system played an important role in liver injuries of viral hepatitis [34] . There is evidence that immune response (cytotoxic T lymphocyte) might be involved in the apoptosis of hepatocytes in HCV infected patients [35] . Recent studies suggested that apoptosis of hepatocytes might also be due to the cytopathic effect of viral proteins [13, 14] . Our result that E2 expression induced apoptosis in cultured mammalian cells including human hepatic cells supports this hypothesis. On the other hand, E2-induced apoptosis may also partly contribute to the escape of HCV from the host immune surveillance. It awaits further investigation whether the expression of E2 can induce apoptosis in lymphocytes.
Studies of Langat flavivirus [22] demonstrated that expression of envelope (E) protein could induce apoptosis via the Caspase 3 pathway. Since HCV E2 and the E protein of Langat flavivirus share similar genetic organization and hydropathy profile [23] , it is possible that E2 could induce apoptosis through a similar mechanism. Increased Fas expression observed in HCV patients [7] also suggested the involvement of the caspase-3 pathway. However, comparing the expression levels of secreted and cellassociated E2, we found that in our system, E2 was mainly cellassociated and localized in the cytoplasm. By glycosidase digestion analysis, we found that most of the cell-associated E2 were high-mannose type glycoproteins, which suggested the localization of E2 to the endoplastic reticulum (ER). Many other mammalian expression systems also showed the ER localization of the expressed HCV E2, and a large portion of them formed disulfide-linked aggregates [36] [37] [38] . The accumulation of large amount of proteins in the ER might induce ER stress and apoptosis could be triggered via the Caspase 12-mediated apoptosis pathway [39] . Further study is required for understanding the possible pathway of HCV E2 induced apoptosis.
